1. Introduction {#s0005}
===============

Consuming fresh leafy vegetables provide health benefits to humans beyond the advantage of having the processed foods. Vegetables of the *Brassica* group are mainly consumed as fresh leaves and juice can be conveniently used to meet the recommendations of daily fruits and vegetables ([@b0035], [@b0040], [@b0005], [@b0080]). Fresh leaf and juice of kale (*Brassica oleracea* var. *acephala*) commonly consumed in Korea are rich in nutrients such as amino acids, vitamins, minerals, dietary fiber and minerals, as well as of a high variety of phytochemicals, namely carotenoids, glucosinolates (GLs) and phenols ([@b0050], [@b0150], [@b0045], [@b0125]). Among the phytochemicals, glucosinolates (GLSs) have many advantages as it has the ability to influence the human health as pharmaceutical, nutraceutical, or as food product, especially in curing colon cancer and lung cancer ([@b0055], [@b0115], [@b0165], [@b0135], [@b0140], [@b0145], [@b0105], [@b0095], [@b0100], [@b0065], [@b0120]). GLSs are a diverse group of sulphur-rich anionic secondary metabolites containing the precursor amino acids, methionine, tryptophan and phenylalanine in the structure. The degradation products of GLSs such as isothiocyanates, thiocyanates, nitriles, epithionitriles or oxazolidine-2-thionesknown to have many biological function, particularly, bladder, colon and lung cancer treatment ([@b0025], [@b0130], [@b0165], [@b0170], [@b0010], [@b0015]).

Kale is a biannual crop, and is an important vegetable belonging to the *Brassica* family, which has been distributed commonly in the Europe and the United states, whereas, in the recent years, it has been cultivated in Korea, China and Japan. The bolting stem part of the kale is commonly consumed, because the textures of bolting stem are tender and crisp and the flavor is attractive. GLSs contain both nitrogen (N) and sulphur (S) and therefore their concentrations in vegetables are influenced by the addition of N and S fertilizer ([@b0060], [@b0070]). The content of GSL is affected by several environmental factors such as temperature, light, soil type and fertilizer applications ([@b0025]). Increasing nitrogen (N) tends to decrease the total GSL content in different *Brassica* crops ([@b0030], [@b0110], [@b0070]), however the influence of N and S on GSL content in *Brassicaceae* family has been widely studied ([@b0155], [@b0060]). Therefore, the objective of this study was to examine the effect of S on GSL concentration in kale to enhance their nutritional and health-promoting properties.

2. Materials and methods {#s0010}
========================

2.1. Chemicals {#s0015}
--------------

HPLC grade-acetonitrile (CH~3~CN) and methanol (CH~3~OH) were obtained from J.T. Baker Chemical Co. (Phillipsburg, NJ, USA). DEAE-Sephadex A-25, sinigrin (2-propenyl GSL) and aryl sulfatase (type H-1, EC 3.1.6.1) were obtained from Sigma-Aldrich (St. Louis, MO, USA).

2.2. Plant materials and culture conditions {#s0020}
-------------------------------------------

Kale seeds \'TBC\' was purchased from the Asia seed Company (Seoul, Republic of Korea). The seeds were sown in 72 hole-plug tray with bed soil by spraying water intermittently on February 20, 2014. The plantlets were transplanted to a port (23 × 23 × 18 cm) containing vermiculite (ca. 500 g) after 5 weeks (33 days after sowing, DAS). The plants were grown in a greenhouse at Chungnam National University. The average temperature, quantity of light, relative humidity is each 17.0 °C, 344.4 µmol m^−2^ s^−1^ and 66.0% respectively. After one week (34 DAS), each kale was initially treated with different 1/8 N-P-K (10--1--5) millimolar (mM) concentrations. From 40 DAS, every two days interval, kale was treated with nutrient solution consisted of 0.0, 0.5, 1.0 and 2.0 mM sulphur (S) till 68 DAS ([Table 1](#t0005){ref-type="table"}). After 68 DAS (April 29), the leaves were harvested and divided into three groups according to upper, middle and lower portions from the ground. And then, they were measured the length and fresh weight. The leaves were freeze-dried at −70 °C in a freeze dried for three days, measured the dry weight, powdered using mortar and pestle and stored at desiccator until chemical analysis.Table 1Composition of nutrient solutions for different S molar concentrations (mM).NutrientsS treatment (mM)0.00.51.02.0KCl5.05.05.05.0Ca(NO~3~)~2~·4H~2~O2.02.02.02.0NH~4~NO~3~2.52.52.52.5NH~4~H~2~PO~4~1.01.01.01.0MgSO~4~·7H~2~O--0.51.01.0MgCl~2~1.00.5----Na~2~SO~4~------1.0  MicronutrientsConcentrationsppmg/LMnCl~2~0.501.80H~3~BO~3~0.502.86ZnSO~4~0.050.22(NH~4~)~6~Mo~7~O~24~·4H~2~O0.010.09CuSO~4~·5H~2~O0.020.08Fe-EDTA3.0022.62

2.3. Extraction of crude glucosinolates (GSLs) and their desulfation {#s0025}
--------------------------------------------------------------------

Desulfo (DS) - GSLs were extracted according to the procedure of [@b0085] and [@b0075]. Briefly, crude GSLs from freeze-dried materials (100 mg) were extracted with 1.5 ml of 70% (v/v) boiling methanol in water bath at 70 °C for 5 min. After centrifugation (12,000*g*, 4 °C, 10 min), the supernatant was immediately transferred to a clean test tube, and the residue was further re-extracted twice to complete extraction of GSLs. The combined supernatant was considered as the crude of GSLs. Separately 0.5 mg of sinigrin was dissolved in 5 ml ultra-pure water which used as an external standard (0.001792 µmol). Desulfation of the crude extracts were performed on a Sephadex A-25 DEAE (ca. 40 mg as dry matrix) column previously activated as \[H\]^+^ form with 0.5 M sodium acetate. Desulfation of sinigrin (external standard) was also carried out separately as the same process. The crude GSL extracts were loaded onto a pre-equilibrated column, and the column was then washed with 1 ml (×3 times) of ultra-pure water to remove neutral and positive ions. After loading of aryl sulfatase (E.C.3.1.6.1) (75 µl), the desulfation reaction was performed overnight (16--18 h) at room temperature. The desulfated GSLs were eluted with 0.5 ml (×3 times) of ultra-pure water. The eluates were filtered through 0.45 µm Teflon PTFE syringe filter and analyzed immediately by HPLC or stored at −20 °C until further chemical analysis.

2.4. Separation and identification of glucosinolates {#s0030}
----------------------------------------------------

DS-GSLs were analyzed by 1200 series HPLC system (Agilent Technologies, CA, USA) equipped with an Inertsil ODS-3 (C18) column 150 × 3.0 mm i.d., particle size 3 µm (GL Science, Tokyo, Japan). The HPLC analysis was carried out with a flow rate of 1.0 ml/min at a column oven temperature of 40 °C and a wavelength of 227 nm. The solvent system employed was (A) ultra-pure water (PURELAB Option-Q, ELGA) and (B) 100% acetonitrile. The solvent program was used as follows: 0 min to 2 min solvent B 0%, 7 min solvent B 10%, then kept constant at solvent B 31% for 16--19 min, and then kept constant at solvent B 0% for 10 min (total 40 min). The individual GSLs were quantified with the external standard sinigrin with their HPLC area and response factors ([@b0075]). For the identification of the individual GSLs, the MS analysis was carried out with an ESI interface operated in the positive ion mode. The MS operating conditions were as follows: ion spray voltage, 5.5 kV; curtain gas (20 Pa), nebulizing gas (50 Pa) and heating gas (50 Pa), high purity nitrogen (N~2~); heating gas temperature, 550 °C; spectra range, *m/z* 100--800 (scan time 4.8 s). In this study, all the samples were designated as GSLs even though DS-GSLs were determined.

3. Results and discussion {#s0035}
=========================

3.1. Effect of sulphur supplementation on plant growth {#s0040}
------------------------------------------------------

From the data presented in [Table 2](#t0010){ref-type="table"}, it is clear that the fresh and dry weight of kale leaves was comparatively increased as a result of the supplementation of different levels of S treatment. The fresh weight of an upper and middle leaf was increased by 84% and 157% in 2.0 mM S and by 66% and 150% in dry weight by the application in 2.0 mM S, respectively. These results are slightly similar to [@b0180] and [@b0020], who obtained the *Brassica* plant (broccoli and cabbage) growth by the supplementation of N and S.Table 2Growth of kale "TBC" leaves under sulphur treatment.S treatments (mM)Leaf length (cm)Fresh weight (g)Dry weight (g)Water content (%)0.0Upper15.8 ± 1.419.7 ± 4.72.14 ± 0.4289.0 ± 0.3Middle13.5 ± 1.321.0 ± 5.62.03 ± 0.5390.3 ± 0.6Lower6.8 ± 0.915.1 ± 5.51.26 ± 0.4391.6 ± 0.4  0.5Upper23.2 ± 1.735.4 ± 4.23.78 ± 0.3589.3 ± 0.7Middle19.7 ± 1.145.6 ± 7.94.36 ± 0.3390.4 ± 0.9Lower6.0 ± 0.532.2 ± 4.12.85 ± 0.5991.2 ± 0.9  1.0Upper21.5 ± 2.534.2 ± 6.23.47 ± 0.6289.9 ± 0.5Middle17.4 ± 2.548.3 ± 10.44.38 ± 1.0991.0 ± 0.4Lower6.1 ± 0.737.2 ± 3.93.24 ± 0.4091.3 ± 0.2  2.0Upper23.4 ± 1.236.2 ± 7.43.56 ± 0.1190.0 ± 1.7Middle20.1 ± 0.354.0 ± 6.15.03 ± 0.4990.7 ± 0.4Lower7.3 ± 0.936.0 ± 7.93.15 ± 0.5791.2 ± 0.6

3.2. Identification of glucosinolates {#s0045}
-------------------------------------

High performance liquid chromatography (HPLC) analyses of kale are shown in [Fig. 1](#f0005){ref-type="fig"}. Six GSLs including three aliphatic GSLs (progoitrin, sinigrin and gluconapin) and three indolyl GSLs (glucobrassicin, 4-methoxyglucobrassicin and neoglucobrasscin) were eluted and separated individually in HPLC chromatogram based on the retention time ([Table 2](#t0010){ref-type="table"}). Each peaks and retention time were coincided with the previous report ([@b0105]). With respect to the sinigrin response factors, the identified GSLs response factors were varied 5.8 fold.Fig. 1HPLC chromatogram of glucosinolates (GSLs) isolated from kale. Peak numbers refer to the GSLs listed in [Table 2](#t0010){ref-type="table"}. Peak No. 1, progoitrin; 2, sinigrin; 3, gluconapin; 4, glucobrassicin; 5, 4-methoxyglucobrassicin; 6, neoglucobrasscin.

The total GSL content ranged from 1.04 to 26.8 µmol/g DW (mean 14.27) ([Table 3](#t0015){ref-type="table"}). The results revealed that the addition of various concentrations of S solution exhibited comparative differences in the GSL contents occurred among the upper, middle and lower portions of kale. The aliphatic GSLs were predominant, representing average 63% and 67.5% of the total GSL content, in the upper and middle portion of kale supplemented with 5 mM S, whereas, at 2 mM concentration aliphatic GSLs were noted as 50.1, 59.3 and 56% of upper, middle and lower portions, respectively. Among the aliphatic GSL, sinigrin detected as the predominant (mean 3.12 µmol/g DW) and contributed 35.35% of total GSLs and 67% of the total aliphatic GSLs. At 0.5 mM concentration of S, individual and total GSLs contents were comparatively less, clearly suggested that 0.5 mM concentration did not enhance the accumulation of GSLs. Closer observation of the results revealed that the accumulation of total GSLs were directly proportional to the concentration of S addition. The total GSLs in upper portion were 10.59, 12.9 and 26.8 µmol/g DW, in middle portion were 4.02, 6.58 and 12.63 µmol/g DW and in the lower portion were 1.02, 2.62 and 3.53 µmol/g DW, respectively at 0.5, 1.0 and 2 mM S addition. [@b0160] and [@b0175] reported that the addition of S ranging from 0.075 to 0.6 gram/plant increase the total and individual GSLs in *Brassica* plants. The present investigation showed that 1 mM and 2 mM S were optimum for the synthesis of GSLs in kale. Interestingly indolyl GSLs detected in the range of 1.27--13.35 µmol/g DW and shared \<30% of the total GSLs and glucobrassicin documented the highest (0.45--9.9 µmol/g DW), whereas 4-methoxyglucobrassicin and neoglucobrasscin contributed a mean less than 30% of the total indolyl GSLs content, similarly, [@b0090] that S application relatively increased the indolyl GSLs in turnip and [@b0155] reported the increased concentration gypsum enhanced the total and indolyl GSLs in broccoli. In general, glucobrassicin was higher in *Brassica* vegetables ([@b0185]) (see [Table 4](#t0020){ref-type="table"}).Table 3Glucosinolates identified in kale.No.[a](#tblfn1){ref-type="table-fn"}RT[b](#tblfn2){ref-type="table-fn"} (min)Trivial namesSemisystematic names of R-groupsCompound groups\[M+H\]^+^ (*m/z*)Response factor[c](#tblfn3){ref-type="table-fn"}19.26Progoitrin(2*R*)-2-Hydroxy-3-butenyAliphatic3101.09210.11Sinigrin2-PropenylAliphatic2801312.68Gluconapin3-ButenylAliphatic2941.11416.20Glucobrassicin3-IndolymethylIndolyl3690.29517.184-Methoxyglucobrassicin4-Methoxy-3-indolylmethylIndolyl3990.25619.40Neoglucobrasscin*N*-Methoxy-3-indolylmethylIndolyl3990.2[^1][^2][^3]Table 4Glucosinolate contents (μmol/g dry wt.) in kale 'TBC' by sulphur solutions (mM) (*n* = 3).No.[a](#tblfn4){ref-type="table-fn"}Trivial nameS 0.0[\*](#tblfn20){ref-type="table-fn"}S 0.5S 1.0S 2.0Upper, Middle, LowerUpperMiddleLowerUpperMiddleLowerUpperMiddleLower1ProgoitrinND[b](#tblfn5){ref-type="table-fn"}1.02 ± 0.190.38 ± 0.09ND1.74 ± 0.840.77 ± 0.240.22 ± 0.193.60 ± 0.311.38 ± 0.450.35 ± 0.052SinigrinND4.33 ± 1.421.57 ± 0.590.29 ± 0.254.95 ± 0.852.81 ± 0.490.90 ± 0.367.92 ± 0.154.23 ± 1.231.14 ± 0.253GluconapinND0.86 ± 0.120.29 ± 0.25ND1.35 ± 0.650.86 ± 0.250.23 ± 0.221.93 ± 0.111.89 ± 0.660.49 ± 0.114GlucobrassicinND2.74 ± 0.981.13 ± 0.390.45 ± 0.333.31 ± 0.801.59 ± 0.540.83 ± 0.519.99 ± 0.394.16 ± 2.241.02 ± 0.6354-MethoxyglucobrassicinND0.28 ± 0.030.17 ± 0.030.20 ± 0.050.28 ± 0.050.19 ± 0.030.27 ± 0.130.34 ± 0.000.24 ± 0.070.32 ± 0.116NeoglucobrasscinND1.36 ± 0.700.48 ± 0.030.11 ± 0.041.26 ± 0.460.36 ± 0.070.18 ± 0.023.03 ± 0.410.74 ± 0.480.20 ± 0.17  Total10.59 ± 2.564.02 ± 1.291.04 ± 0.5112.90 ± 3.566.58 ± 1.512.62 ± 1.3426.80 ± 1.3412.63 ± 4.893.53 ± 1.07[^4][^5][^6]

In conclusion, different ratio of S supply enhanced the aliphatic GSL and total GSL contents in kale. Increasing levels of S proportional to the synthesis of GSLs concluded the role of S fertilizers and GSL profiles in young plant foods (kale). Sulphur fertilizers are applied to kale to enhance the anticancer phytochemicals yield when soil nutrients are limiting.
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[^1]: No., the elution order of glucosinolates from HPLC chromatogram ([Fig. 1](#f0005){ref-type="fig"}).

[^2]: RT (retention time).

[^3]: The international organization for standardization ([@b0075]).

[^4]: GSLs in the non-treatment (S 0.0 mM) were not detected.

[^5]: No., the elution order of glucosinolates.

[^6]: ND, not detected.
